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The heart is the first organ to form and function during vertebrate embryogenesis. Using a secreted protein, noggin, which
specifically antagonizes bone morphogenetic protein (BMP)-2 and -4, we examined the role played by BMP during the initial
myofibrillogenesis in chick cultured precardiac mesoendoderm (mesoderm  endoderm; ME). Conditioned medium from
COS7 cells transfected with Xenopus noggin cDNA inhibited the expression of sarcomeric proteins (such as sarcomeric
-actinin, Z-line titin, and sarcomeric myosin), and so myofibrillogenesis was perturbed in cultured stage 4 precardiac ME;
however, it did not inhibit the expression of smooth muscle -actin (the first isoform of -actin expressed during
cardiogenesis). In cultured stage 5 precardiac ME, noggin did not inhibit either the formation of I-Z-I components or the
expression of sarcomeric myosin, but it did inhibit the formation of A-bands. Although BMP4 was required to induce
expressions of sarcomeric -actinin, titin, and sarcomeric myosin in cultured stage 6 posterolateral mesoderm (noncardio-
genic mesoderm), smooth muscle -actin was expressed without the addition of BMP4. Interestingly, in cultured stage 6
posterolateral mesoderm, BMP2 induced the expressions of sarcomeric -actinin and titin, but not of sarcomeric myosin.
These results suggest that (1) BMP4 function lies upstream of the initial formation of I-Z-I components and A-bands separately
in a stage-dependent manner, and (2) at least two signaling pathways are involved in the initial cardiac myofibrillogenesis: one
is an unknown pathway responsible for the expression of smooth muscle -actin; the other is BMP signaling, which is involved
in the expression of sarcomeric -actinin, titin, and sarcomeric myosin. © 2002 Elsevier Science (USA)
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The heart is the first organ to form and function during
vertebrate embryogenesis. In the pregastrula chick embryo,
cells that contribute to the heart are found within the
posterior half of the epiblast (Rawles, 1943; Hatada and
Stern, 1994). During early gastrulation (stage 3; Hamburger
and Hamilton, 1951), cardiac precursor cells migrate and are
located within a region of the primitive streak caudal to
Hensen’s node. Thereafter, they migrate into the mesoderm
and spread anterolaterally, resulting in the formation of
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All rights reserved.right and left precardiac mesoderms (Rosenquist and De-
Hann, 1966; Garcia-Martinez and Schoenwolf, 1993). The
anterior endoderm originates from cells within the node
itself (Selleck and Stern, 1991). Consequently, prospective
cardiac regions, containing precardiac mesoderm and ante-
rior endoderm, have been completed by stage 4–5. In avian
embryos, heart specification occurs in stage 3 primitive
streak, and determination occurs during late gastrulation
and is completed by stage 7–8 (Sater and Jacobson, 1989;
Schultheiss and Lassar, 1999; Lough and Sugi, 2000).
During gastrulation, presumptive heart cells become
committed to the cardiac-muscle lineage; at this time, the
anterior endoderm subjacent to the precardiac mesoderm
expresses bone morphogenetic protein (BMP)-2 and -4,
members of the transforming growth factor (TGF)- super-
family (Hogan, 1996; Schultheiss et al., 1997). It has been
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reported that tissue from the avian midgastrula posterior
primitive streak—which normally gives rise to extra-
embryonic mesoderm, including blood islands—will differ-
entiate into cardiac muscle when cocultured with anterior
endoderm (Schultheiss et al., 1995). Another experiment
showed that ectopic implantation of BMP-soaked beads
into noncardiogenic mesoderm induces the cardiac-specific
marker gene Nkx-2.5, which is a homologue of the Dro-
sophila tinman gene (Schultheiss et al., 1997). In Drosoph-
ila, tinman is expressed by Dpp signaling—Dpp being a
member of the BMP family—and is required for heart
formation (Frasch, 1995; Harvey, 1996). It has also been
found that when noncardiogenic mesoderm from a chick
stage 5–6 embryo is cultured in the presence of BMP2 plus
FGF4, it can differentiate to a beating tissue (Lough et al.,
1996, Ladd et al., 1998, Barron et al., 2000). BMP2-knockout
mutant embryos show abnormal heart development, rang-
ing from complete absence to ectopic heart formation
(Zhang and Bradley, 1996). BMP4-null mutants or type I
BMP receptor-null mutants die before gastrulation, and
thus cardiogenesis in these two mutants has not been
examined (Winnier et al., 1995; Mishima et al., 1995). On
the other hand, Nkx-2.5-null mutant mice die at around
9–10 days, but a beating heart tube still develops even
though cardiac looping is disrupted (Lyons et al., 1995). In
these Nkx-2.5-null mutant hearts, several genes encoding
myofibrillar proteins are normally expressed, although that
encoding ventricular myosin light chain-2 is not (Lyons et
al., 1995). Recent experiments have implied that BMP,
which is secreted by the endoderm of the presumptive heart
field, is essential but not sufficient for the induction of
cardiac muscle differentiation from a field of competent
cells in the anterolateral mesoderm (Schultheiss et al.,
1997; Ladd et al., 1998). However, still unclear is what kind
of myofibrillar proteins lie downstream of BMP function in
the initial myofibrillogenesis that occurs soon after the
heart determination is completed.
Soon after heart determination has taken place, proteins
for myofibrillar components are synthesized in the chick
embryonic heart (at stage 6–7, just 10 h before spontaneous
beating begins) (Ruzicka and Schwartz, 1988; Han et al.,
1992; Sugi and Lough, 1992). The assembly of these myofi-
brillar proteins into a functional unit, the sarcomere, must
therefore be a rapid and well-coordinated process in early
cardiogenesis. Indeed, there are biochemical data indicating
coordinated synthesis of actin, myosin, and -actinin dur-
ing vertebrate myogenesis (Devlin and Emerson, 1978). To
try to explain the processes involved in myofibrillogenesis,
numerous studies have been performed and several models
have been proposed. In one model in cultured cardiomyo-
cytes, the first step involves a stress fiber-like structure
acting as a scaffold (Dlugosz et al., 1984); then, I-Z-I
proteins (the Z-disk components being sarcomeric
-actinin, -actin, and titin) and thick filaments (consisting
mainly of myosin) are assembled independently, to later
become incorporated into striated myofibrils (Wang et al.,
1988; Schultheiss et al., 1990; Lu et al., 1992; Lin et al.,
1994; Holtzer et al., 1997). A different model is the premyo-
fibril model proposed by Sanger’s group (Rhee et al., 1994;
LoRusso et al., 1997; Turnacioglu et al., 1997). The premyo-
fibril, a primordium of the mature myofibril, consists of
minisarcomeres containing thin filaments, -actinin, and
nonmuscle myosin IIb. Later, the distance between the
dense materials of the minisarcomere increases, the
N-terminal region of titin is incorporated into the Z-band of
the nascent myofibril, and nonmuscle myosin is replaced
by muscle-specific myosin. Confocal microscopic in situ
analysis of myofibrillogenesis in the chick embryonic heart
by Ehler et al. (1999) has shown that thin and thick
filaments are assembled in an independent manner, and
that I-Z-I proteins are organized as a dense body-like struc-
ture in nascent cardiomyocytes.
In the present study, using a secreted protein, noggin—
which antagonizes BMP activity and interacts specifically
with BMP2 and -4, but not with other TGF family members
(Re’em-Kalma et al., 1995; Zimmerman et al., 1996)—we
investigated the role of BMP signaling in the initial heart
myofibrillogenesis. Our results show that, in cultured stage
4 precardiac mesoendoderm (mesoderm  endoderm; ME),
noggin inhibited the expression of sarcomeric -actinin,
titin, and sarcomeric myosin, thus perturbing the formation
of sarcomeres, but it did not suppress the expression of the
first isoform of -actin, smooth muscle -actin. In stage 5
precardiac ME, noggin did not inhibit either the formation
of I-Z-I components or the expression of sarcomeric myo-
sin, but it did inhibit the formation of the thick filaments of
sarcomeric myosin (A-bands). Further, recombinant BMP4
induced expressions of sarcomeric -actinin, titin, and
sarcomeric myosin in cultured stage 6 noncardiogenic me-
soderm, in which smooth muscle -actin was expressed
spontaneously even without the addition of BMP protein.
These results suggest that (1) during the initial myofibril-
logenesis, BMP4 functions upstream of the formation of
I-Z-I components and A-bands, on which it acts separately,
and that its role the initial myofibrillogenesis is stage
dependent, and (2) at least two signaling pathways take part
in the initial myofibrillogenesis [viz. BMP signaling(s) (in-
volved in the expression of sarcomeric -actinin, titin, and
sarcomeric myosin) and another unknown type of signal-




Stage 4 or 5 chick embryos (Hamburger and Hamilton, 1951)
were collected on ice-cooled phosphate-buffered saline (PBS), and
precardiac ME was cultured as previously described (Sugi et al.,
1993). Precardiac regions containing three germ layers were excised
and separated in 0.25% trypsin (GIBCO). The ME layers were
explanted onto bovine fibronectin-coated (GIBCO) chamber slides
(Nunc) and cultured with (1) DMEM supplemented with 10% FBS,
(2) conditioned medium from COS7 cells transfected with vector
alone (Mock), or (3) conditioned medium from COS7 cells trans-
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fected with Xenopus noggin cDNA. Stage 6 posterolateral meso-
derm was resected and cultured with or without recombinant
BMP4 (R&D Systems) in 10% FBS/DMEM. Identical regions were
cultured with or without recombinant BMP4 or2 (R&D Systems)
in defined medium (75% DMEM, 25% McCoy’s medium, supple-
mented with 107 M dexamethasone and penicillin-streptomycin;
Ladd et al., 1998).
COS 7 Cell Transfection
COS 7 cell transfection was performed as previously described
(Tonegawa and Takahashi, 1998). COS7 cells were cultured in
DMEM/10% FBS. Cells grown until 70–80% confluent were
transfected with 1 g of pCDM8-derived COS-expression vector,
which contains an elongation factor promoter and Xenopus noggin
cDNA (a gift from Dr. Takahashi, Nara, Japan), with lipofectamine
(GIBCO) being used according to the manufacturer’s recommenda-
tions. Conditioned medium was harvested after 48 h, and used as a
source of noggin.
Reverse Transcription (RT)-PCR
Explants were collected and RNA extracted as described by
Yamagishi et al. (1999). cDNAs were synthesized from 0.2 mg total
RNA, and PCR was carried out in 10 l of reaction buffer (0.2 mM
dNTPs, 1 mM primers, 0.05 U Taq DNA polymerase). The se-
quences of the primers have been described elsewhere [Nkx-2.5
(Schultheiss et al., 1995), GATA4 (Schultheiss et al., 1997), MyoD
(pair “a”; Lin-Jones and Hauschka, 1996), GAPDH (Yamagishi et
al., 1999)]. The primers for sarcomeric -actinin were 5-GCCA-
TCAGAGGGAAAAATGG and 5-ACGGACTTCTGTCAGAGA-
TG (Accession No. X13874; Arimura et al., 1988). Samples were
cycled at 93°C for 30 s, at annealing temperature (sarcomeric
-actinin, 57°C; Nkx-2.5, 57°C; GATA4, 57°C; MyoD, 55°C;
GAPDH, 45°C) for 30 s, and at 72°C for 90 s, with a final extension
at 72°C for 10 min. The cycle numbers for the various primers were
as follows: sarcomeric -actinin, 26 cycles; Nkx-2.5, 30; GATA4,
26; MyoD, 28; and GAPDH, 28. PCR products were electropho-
resed, then stained with ethidium bromide.
In Situ Hybridization
Digoxigenin-labeled single-strand RNA probes were prepared by
using a DIG-RNA labeling kit (Roche Diagnostics). A 747-bp
fragment of chick Nkx-2.5 cDNA (base pairs 76–823 in Accession
No. X91838; Schultheiss et al., 1995) or a 738-bp fragment of chick
GATA4 cDNA (base pairs 106–843 in Accession No. U11887;
Laverriere et al., 1994) was subcloned into pGem3Z and pBlue-
script II KS (). Antisense Nkx-2.5 and antisense GATA4 were
produced by using EcoRI/SP6 RNA polymerase and EcoRI/T7 RNA
polymerase, respectively. Explants were fixed with 4% paraformal-
dehyde in PBS for 30 min, washed in 0.1% DEPC/PBS, and
equilibrated with 5 SSC for 15 min. They were then prehybrid-
ized in hybridization solution (50% formamide, 5 SSC, 40 mg/ml
salmon sperm DNA) at 65°C for 2 h and hybridized for 12 h at 65°C.
After the hybridization, samples were washed in 2 SSC for 30 min
at room temperature, in 2 SSC for 1 h at 65°C, then in 0.1 SSC
for 1 h at 65°C. After rinsing with Tris-buffered saline, samples
were incubated with alkaline phosphatase-conjugated anti-
digoxigenin antibody (diluted 1:5000 in 0.5% blocking reagent;
Roche Diagnostics) for 2 h, and the hybridization was detected by
BCIP/NBT.
Antibodies
The monoclonal antibodies anti-Z-line titin (anti-titin, clone
9D10, IgM and anti-zeugmatin, clone mab20, IgG2a; Maher et al.,
1985; Turnacioglu et al., 1997) and anti-sarcomeric myosin heavy
chain (clone MF20, IgG2b; Bader et al., 1982) were obtained from
the Developmental Studies Hybridoma Bank (Iowa City, IA). The
monoclonal antibodies anti-smooth muscle -actin (clone 1A4,
IgG2a; Skalli et al., 1986), anti-sarcomeric -actin (clone 5C5, IgM),
and anti-sarcomeric -actinin (clone EA53, IgG1) were purchased
from Sigma. The polyclonal anti-pan-actinin (rabbit IgG) was
kindly donated by Dr. Imanaka (Mie, Japan; Imanaka, 1988). For
double immunohistochemistry, we used FITC-conjugated goat
anti-mouse IgG2a, RITC-conjugated goat anti-mouse IgG2a, FITC-
conjugated goat anti-mouse IgG1, FITC-conjugated goat anti-
mouse IgG2b, and RITC-conjugated goat anti-mouse IgM (Southern
Biotechnology Associates Co.) as secondary antibodies. Affinity-
purified RITC-conjugated goat anti-rabbit IgG was purchased from
Cappel.
Indirect Immunofluorescence Microscopy
Immunohistochemistry was performed as described by Naka-
jima et al. (1997). Cultures were drained of medium, rinsed with
PBS, fixed with 4% paraformaldehyde/PBS for 30 min at room
temperature, then rinsed with PBS. Specimens were blocked for 1 h
with 1% BSA/PBS containing 0.1% Triton X-100, incubated with
primary antibody (or primary antibody mixture) at 4°C overnight,
rinsed with PBS, then incubated with FITC- or RITC-conjugated
secondary antibody (or secondary antibody mixture) for 1 h at room
temperature. Some specimens were stained with FITC- or RITC-
phalloidin (Sigma). Samples were observed under the fluorescence
microscope by using narrow-band mirror units (U-MNIBA and
U-MNG; Olympus).
RESULTS
Conditioned Medium from noggin-Transfected
COS7 Cells Inhibits Cardiogenesis in Cultured
Stage 4 Precardiac ME
In the present paper, we used a conditioned medium
obtained from COS7 cells transfected with Xenopus noggin
cDNA as a source of noggin protein (Tonegawa and Taka-
hashi, 1998). Therefore, it was necessary first to examine
whether the noggin-conditioned medium had the physio-
logical ability to inhibit BMP signaling during cardiogenesis
in culture. When stage 4 precardiac ME was cultured in
DMEM containing 10% FBS or in conditioned medium
from COS7 cells transfected with vector alone (Mock), the
central region of the explant became circumscribed by a
defined border within which cardiac myocytes beat rhyth-
mically after 48 h in culture (87% and 86% in stage 4
explants cultured in DMEM/10%FBS and Mock, respec-
tively; Fig 1). In contrast, explants cultured in noggin
showed a flat and epithelial-like structure, and only 6% of
explants from stage 4 embryos generated beating tissues.
This inhibitory effect was reversed by the addition of
recombinant BMP4 to the conditioned medium containing
noggin (Fig. 1).
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Next, we used in situ hybridization and examined
whether or not the explants expressed the cardiac-specific
marker genes, Nkx-2.5 and GATA4, because it has been
reported that the expression of these genes is induced by
BMP and inhibited by noggin in cultured precardiac ME
(Schultheiss et al., 1997). As shown in Fig. 2, 100% of stage
4 precardiac ME explants cultured in DMEM or Mock
expressed both Nkx-2.5 and GATA4 after 48 h of incuba-
tion. On the other hand, explants treated with noggin did
not express Nkx-2.5 to any appreciable extent (19% of
explants exhibited a weak signal for Nkx-2.5), and GATA4
expression was completely suppressed (Fig. 2). These results
(Figs. 1 and 2) indicated that conditioned medium obtained
from COS7 cells that had been transfected with Xenopus
noggin cDNA did indeed neutralize BMP2/4 signaling dur-
ing chick cardiogenesis in culture.
Early Myofibrillogenesis Is Completed by 48 h in
Cultured Stage 4 Precardiac ME
Before investigating the effect of noggin on the initial
cardiac myofibrillogenesis, we carried out an immunohis-
tochemical analysis of sarcomeric proteins in cultured stage
4 precardiac ME. Presumptive heart-forming ME was re-
sected from stage 4 chick embryos and cultured in medium
containing 10% FBS on plastic, with the resulting explant
being fixed and double-stained with monoclonal antibodies
against sarcomeric -actinin (clone EA53), Z-line titin
(clone 9D10 or mab20), smooth muscle -actin (clone 1A4),
and sarcomeric myosin (clone MF20). After 6–8 h in cul-
ture, there was no detectable staining for these sarcomeric
proteins (data not shown). After 20 h in culture, tiny
bead-like depositions of sarcomeric -actinin were observed
along the rhodamine-phalloidin-reactive F-actin, terminat-
ing at the epithelial-like cell borders (Fig. 3A). Sarcomeric
-actinin and F-actin were also present around the circum-
ference at the cell–cell interfaces. At this time, no apparent
sarcomeric structure was detected by using rhodamine-
phalloidin staining. The N terminus domain of titin (Z-line
FIG. 2. Stage 4 precardiac ME treated with noggin did not express
heart marker genes. Stage 4 precardiac ME was cultured in DMEM/
10% FBS with or without noggin. After 48 h, cultures were fixed
and subjected to whole-mount in situ hybridization for Nkx-2.5
and GATA4. Among explants cultured in DMEM or Mock, 100%
expressed Nkx-2.5 and GATA4 (arrowheads in A–D). Explants
treated with noggin did not show heart marker genes to any
appreciable extent (E, F). *, 19% of explants treated with noggin
showed a weak signal for Nkx-2.5, slightly above sense control (not
shown). Bar, 250 m.
FIG. 1. Inhibition by noggin of the formation of a beating explant
in precardiac ME. Stage 4 precardiac ME was cultured in DMEM/
10% FBS, in conditioned medium from COS7 cells transfected with
vector alone (Mock), or in conditioned medium from COS7 cells
transfected with Xenopus noggin cDNA (Noggin). After 48 h,
almost all precardiac ME cultured in DMEM or Mock generated
beating tissue. On the other hand, only 6% of explants generated
beating tissue when cultured in noggin. When explants were
cultured in noggin plus 500 ng/ml BMP4 (Noggin  BMP4), the
percentage generating beating tissue was similar to that seen when
explants were cultured in DMEM (no statistical difference). An
asterisk (*) indicates a value significantly different from other
culture conditions (P  0.01, Fisher’s exact test). n, number of
explants tested.
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titin) was colocalized with the bead-like depositions of
sarcomeric -actinin (Fig. 3B). Smooth muscle -actin was
distributed as a stress fiber-like structure, and it was colo-
calized with sarcomeric -actinin (Fig. 3C). Indeed, the
cellular distribution of smooth muscle -actin was coinci-
dent with that of phalloidin-reactive F-actin (not shown).
The migrating mesenchymal cells surrounding the explant
also expressed smooth muscle -actin (not shown, presum-
ably endocardial cushion mesenchymal cells; Nakajima et
al., 1997). Interestingly, there was no detectable staining for
FIG. 3. Immunolocalization of sarcomeric proteins during initial myofibrillogenesis in cultured stage 4 precardiac ME. Precardiac ME of
stage 4 embryos was cultured in DMEM/10% FBS and stained with antibodies against sarcomeric proteins. After 20 h in culture, tiny
bead-like deposits of sarcomeric -actinin were seen arranged linearly along F-actin (A), and were colocalized with titin (B). Smooth muscle
-actin was distributed as a stress-fiber-like structure, and was associated with sarcomeric -actinin (C). Sarcomeric myosin was observed
as cytoplasmic diffuse staining, and it was distributed independently of sarcomeric -actinin (D). After 48 h in culture, the sarcomeric
proteins we examined were incorporated into mature myofibrils exhibiting sarcomeres (E–H). Bar, 10 m.
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sarcomeric -actin (clone 5C5) in cultured stage 4 precar-
diac regions at around 20 h in incubation (not shown).
Sarcomeric myosin (MF20) was distributed as a diffuse
staining pattern in those cells within which bead-like
sarcomeric -actinin was observed (Fig. 3D). After 48 h in
culture, although more than 80% of sarcomeric -actinin,
titin, and smooth muscle -actin were incorporated into
mature striated myofibrils, 52% of sarcomeric myosin was
found as a sarcomeric pattern (Figs. 3E–3H; see Fig. 5). This
immunohistochemical analysis of sarcomeric proteins in
the cultured precardiac region made clear that an initial
I-Z-I structure consisting of sarcomeric -actinin, titin, and
smooth muscle -actin was generated by 20 h in culture and
completed at around 48 h, and it appeared to be assembled
independently of the diffusely distributed sarcomeric myo-
sin at the onset of myofibrillogenesis. These results indi-
cated that the antibodies against sarcomeric proteins we
used can be expected to be reliable markers for the exami-
nation of early myofibrillogenesis in cultured precardiac
ME.
Noggin Inhibits the Formation of Initial
Myofibrillogenesis in Cultured Precardiac ME
To examine the role of BMP in the initial myofibrillogen-
esis of the developing chick heart, fluorescent immunohis-
tochemical staining of the aforementioned sarcomeric pro-
teins was performed against cultured stage 4 or 5 precardiac
ME that had been incubated in noggin. When stage 4
precardiac ME was cultured in noggin, only 6% of explants
had started to beat after 48 h in culture. In such explants,
the expressions of sarcomeric -actinin and titin were
inhibited significantly (by comparison with those in ex-
plants cultured in DMEM/10% FBS or Mock) (Figs. 4 and 5).
Tiny bead-like depositions of anti-panactinin immunoreac-
tivity were observed in all cell types grown in explants
treated with noggin (not shown). Most explants treated
with noggin plus recombinant BMP4 protein (500 ng/ml)
behaved in a manner similar to those cultured in DMEM/
10% FBS (Fisher’s exact test; data not shown): i.e., they beat
spontaneously (Fig. 1) and expressed sarcomeric -actinin
assembled into Z-lines (not shown). In contrast, smooth
muscle -actin was expressed in 92% of explants treated
with noggin; however, only 17% of these explants showed
sarcomeric staining for smooth muscle -actin (Figs. 4 and
5). Sarcomeric myosin was not detectable in explants
treated with noggin (Figs. 4 and 5). Stage 5 precardiac ME
treated with noggin generated an I-Z-I structure (consisting
of sarcomeric -actinin, titin, and smooth muscle -actin)
of a type similar to that seen in control cultures after 48 h.
Although stage 5 explants treated with noggin expressed
sarcomeric myosin with an incidence of 93%, only 22% of
explants incorporated the sarcomeric myosin into A-bands
in this culture condition (Figs. 4 and 5). These results
indicate that, in stage 4 precardiac ME, noggin inhibited the
expression of sarcomeric -actinin, titin, and sarcomeric
myosin, but not that of smooth muscle -actin, thus
perturbing the initial myofibrillogenesis. On this basis, it is
hypothesized that at least two signaling pathways are
involved in the initial myofibrillogenesis. In stage 5 precar-
diac ME, noggin inhibited the formation of A-bands even
though sarcomeric myosin was expressed, but it did not
inhibit the formation of the I-Z-I components, suggesting
that BMP induces formation of A-bands and I-Z-I compo-
nents differentially, in a stage-dependent manner.
Recombinant BMP4 Induces Expressions of
Sarcomeric -Actinin, Titin, and Sarcomeric
Myosin in Stage 6 Noncardiogenic Mesoderm
To try to find support for the above hypothesis, we next
examined whether BMP induces an expression of sarco-
meric proteins in noncardiogenic mesoderm obtained from
stage 6 posterolateral mesoderm, which gives rise to blood
cells in vivo. We cultured stage 6 posterolateral mesoderm
explants with or without recombinant BMP (BMP4 or -2) for
48 h, and stained them with antibodies against sarcomeric
proteins. When posterolateral mesoderm was cultured
without BMP, but with supplementary FBS, no apparent
staining for sarcomeric -actinin, titin, or sarcomeric myo-
sin was observed, but smooth muscle -actin was expressed
(Fig. 6; Table 1). On the other hand, when it was cultured in
DMEM  FBS supplemented with 500 ng/ml of recombi-
nant BMP4 (Table 1) or in serum-free defined medium
supplemented with a similar amount of recombinant
BMP4, some cells did express sarcomeric -actinin, titin,
and sarcomeric myosin (Fig. 6; Table 1). Sarcomeric
-actinin and titin were deposited as tiny beads, and there
was no apparent striation, at around 48 h in culture (Fig. 6),
while sarcomeric myosin was distributed as a diffuse stain-
ing, and never showed striation (Fig. 6). Smooth muscle
-actin was expressed extensively and was coincident with
F-actin in explants cultured with or without BMP (Fig. 6;
Table 1). There was no detectable staining of sarcomeric
-actin after 48 h in culture (not shown). After an additional
24 h (total, 72 h in culture), some cells in the posterolateral
mesoderm treated with BMP4 generated mature myofibrils
with striations (not shown). Surprisingly, when similar
posterolateral mesoderm was cultured in defined medium
supplemented with BMP2, some 30–40% of explants
expressed sarcomeric -actinin and Z-line titin, but sar-
comeric myosin was not expressed after 48 h in culture
(Table 1).
We next examined whether such BMP4-treated noncar-
diogenic mesoderm expressed cardiac-specific marker
genes. PCR amplification showed that explants treated
with BMP4 expressed the cardiac muscle-related genes,
sarcomeric -actinin, Nkx-2.5, and GATA4, but not MyoD
(Fig. 7). In contrast, explants cultured in DMEM/10% FBS
without BMP4 did not express sarcomeric -actinin,
GATA4, or MyoD; however, they expressed Nkx-2.5 (Fig.
7). The expression of Nkx-2.5 in explants cultured without
BMP is not entirely surprising, because several nonmuscle
tissues express Nkx-2.5 at the mRNA and protein levels
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during development (Kasahara et al., 1998). The above
results indicate that while BMP4 induces expressions of
cardiac-specific genes in cultured noncardiogenic meso-
derm, smooth muscle -actin (the isoform of -actin ini-
tially expressed in early cardiogenesis) is expressed indepen-
dently of BMP. Thus, these results support the hypothesis
that at least two signaling pathways are involved in the
initial myofibrillogenesis in the heart: one is an unknown
FIG. 4. Immunolocalization of sarcomeric proteins in cultured precardiac ME with or without noggin. When stage 4 precardiac ME were
cultured in noggin, no detectable staining for sarcomeric -actinin, titin, or sarcomeric myosin was observed after 48 h in culture (A, B, D).
On the other hand, smooth muscle -actin was expressed even if the explants were treated with noggin (C). While stage 5 ME explants
treated with noggin generated I-Z-I components (E–G), sarcomeric myosin was expressed without the formation of A-bands after 48 h in
culture (H). Note that the percentage incidence at which expression of sarcomeric proteins was detected is given in Fig. 5. Bar: (A), 50 m;
(B, C, E–G), 10 m; (D, H), 25 m.
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type of signaling responsible for the expression of smooth
muscle -actin, the other is the BMP signaling involved in
the expression of sarcomeric -actinin, titin, and sarco-
meric myosin.
DISCUSSION
Heart Specification and Determination Occur
during Gastrulation in Chick
During organogenesis, at least two levels of developmen-
tal commitment have been identified, viz. specification and
determination (Slack, 1991). The timing of cardiac myocyte
specification has been investigated in both amphibians and
birds. In urodeles, cardiac specification occurs at around the
neurula to tail-bud stage (Jacobson and Duncan, 1968),
while in Xenopus, specification is highly committed by the
end of gastrulation (Jacobson, 1961; Sater and Jacobson,
1989). In the chick, precardiac tissue is not yet specified in
the epiblast or in the stage 3 primitive streak (Holtzer et al.,
1990; Inagaki et al., 1993; Yatskievych et al., 1997). Later,
in the primitive streak of the stage 3–4 chick embryo,
presumptive heart cells are specified at the tissue level
(Gonzalez-Sanchez and Bader, 1990; Holtzer, et al., 1990;
Montgomomery, et al., 1994), but they are not highly
specified at the individual cell level (Montgomery et al.,
1994; Schultheiss and Lassar, 1999). Thereafter, precardiac
cells originating from the primitive streak migrate into the
anterior lateral region, and during this process they become
highly specified to a heart lineage by stage 4 (Antin et al.,
1994; Montogomery et al., 1994; Gannon and Bader, 1995).
In our experiments, cultured stage 4 precardiac ME that had
differentiated to cardiomyocytes expressing the early car-
diac marker genes, Nkx-2.5 and GATA4, were associated
with sarcomeres after 48 h in culture. In contrast, stage 4
precardiac ME cultured in noggin did not express early
cardiac marker genes, and they never generated sarcomeres.
In addition, stage 5 precardiac ME treated with noggin
generated I-Z-I components and expressed sarcomeric myo-
sin, but it did not generate A-band. It has been reported that
newly gastrulated cardiac progenitors (stage 4–6) were
blocked in their differentiation by bromodeoxyuridine
(BrdU), whereas later-staged progenitors (stage 7–8) were
not (Montgomery et al., 1994). Taken together, the progeni-
tor cells of chick cardiac myocytes might be specified
during gastrulation and then determined by stage 7–8.
BMP Acts Not Only Instructively, but Also
Permissively in Early Chick Cardiogenesis
In cultured stage 4 precardiac ME, noggin inhibited not
only the expression of early heart markers, but also the
expression of sarcomeric proteins, and so it perturbed the
initial myofibrillogenesis. In stage 5 precardiac ME, noggin
did not inhibit the formation of I-Z-I components, but it did
inhibit the formation of A-bands, even though there was a
positive expression of sarcomeric myosin. It has been re-
ported in the stage 6 chick embryo that implantation of
BMP2-soaked beads into the anterior medial mesoderm
(noncardiogenic region) can induce ectopic expressions of
Nkx-2.5 and GATA4, and that similar regions cultured
with BMP2 or -4 can undergo full cardiac differentiation
(Schultheiss et al., 1997; Andree et al., 1998). We further
FIG. 5. Percentage incidence obtained for the expression of sar-
comeric proteins and the formation of striation in cultured precar-
diac ME with or without noggin. In stage 4 precardiac ME, noggin
inhibited the expressions of sarcomeric -actinin, Z-line titin, and
sarcomeric myosin, but not that of smooth muscle -actin. In stage
5 precardiac ME, noggin did not inhibit the formation of I-Z-I
components, but it did inhibit the formation of A-bands, even
though there was a positive expression of sarcomeric myosin.
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showed that recombinant BMP4 was capable of committing
stage 6 posterolateral mesoderm (noncardiac mesoderm) to
a cardiomyocyte lineage, mature myofibrils associated with
sarcomeres being assembled by 72 h in culture. Despite the
significance of BMP signaling in cardiac myofibrillogenesis,
BMP alone or BMP in combination with FGF4 fail to induce
myogenesis in the cultured pregastrula chick epiblast (Ladd
et al., 1998), and isolated precardiac mesoderm from stage
45 embryos gives rise to beating myocytes without the
addition of BMP protein (Gonzalez-Sanchez and Bader,
1990; Antin et al., 1994; our unpublished observations). In
Xenopus cardiogenesis, BMPs are required for terminal
myocyte differentiation as well as maintaining early tran-
scriptional regulations of cardiac fate (Walters et al., 2001).
Consideration of the above evidences, taken together, sug-
gested strongly to us that a transient exposure to BMP
signals during gastrulation may be necessary to induce
cardiac differentiation in competent tissue (Ladd et al.,
1998), and that the inducing ability of the BMP signal is
probably not only “instructive” (influencing lineage deci-
sions in the responding tissue), but also “permissive” (pro-
moting differentiation of already committed precardiac
FIG. 6. BMP4 induced expression of sarcomeric proteins in cultured posterolateral mesoderm (noncardiogenic mesoderm). Noncardio-
genic mesoderm was prepared from posterolateral mesoderm of stage 6 embryo was cultured in serum-free defined medium supplemented
or not supplemented with BMP4. When noncardiogenic mesoderm was cultured in defined medium supplemented with BMP4 (500 ng/ml),
sarcomeric (sarco) -actinin, Z-line titin, and sarcomeric myosin were expressed after 48 h in culture; however, no apparent striation was
observed by 48 h. On the other hand, noncardiogenic mesoderm cultured in serum-free defined medium alone never expressed sarcomeric
-actinin, Z-line titin, and sarcomeric myosin. Smooth muscle (SM) -actin was expressed in noncardiogenic mesoderm cultured in defined
medium with or without BMP4. Note that the percentage incidence obtained for the expression of sarcomeric proteins is given in Table 1.
Bar, 25 m.
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myocytes). In other words, BMP signaling lies upstream of
both the expression of early heart marker genes and the
initial myofibrillogenesis that takes place immediately af-
ter the gastrula stage.
BMP Regulates the Formation of I-Z-I Components
and A-Bands Separately, in a Stage-Dependent
Manner
As already mentioned, our results showed that initial
heart myofibrillogenesis was inhibited by exogenously ap-
plied noggin protein. In cultured stage 4 precardiac ME,
noggin inhibited the formation of I-Z-I components (con-
sisting of sarcomeric -actinin, Z-line titin, and smooth
muscle -actin) and of A-bands (thick filaments of sarco-
meric myosin). However, in cultured stage 5 precardiac ME,
noggin perturbed the formation only of A-bands, even
though a positive expression of sarcomeric myosin was
present at this stage. Furthermore, when stage 6 posterolat-
eral mesoderm (noncardiogenic mesoderm) was cultured
with BMP4, the cells expressed sarcomeric -actinin, Z-line
titin, and sarcomeric myosin. In contrast, when similarly
prepared posterolateral mesoderm were cultured in BMP2,
an expression of sarcomeric myosin was not induced, even
though the I-Z-I components were expressed in a manner
similar to that seen in explants cultured in BMP4. In the
cardiac myofibrillogenesis we observed in cultured stage 4
precardiac ME, the I-Z-I components of the nascent myofi-
brils consisted of periodic tiny bead-like deposits of sarco-
meric -actinin/titin and thin filaments of smooth muscle
-actin, whereas the sarcomeric myosin was still distrib-
uted diffusely throughout the cell. This suggests that iso-
lated I-Z-I components and thick filaments of sarcomeric
myosin are organized independently, and then assembled at
a later stage (Hill et al., 1986; Tokuyasu and Maher, 1987;
Furst et al., 1989; Schultheiss et al., 1990; Lu et al., 1992;
Ehler et al., 1999). Taking our present results together with
those published by others leads us to conclude that BMP
functions upstream of the initial myofibrillogenesis in early
cardiogenesis, and that they regulate the formation of I-Z-I
components and A-bands separately, in a stage-dependent
manner. Our results also suggest that, in cardiac myofibril-
logenesis, the BMP4 function is more powerful than that of
BMP2, as BMP4 induced an expression of sarcomeric myo-
sin as well as an expression of I-Z-I components in postero-
lateral mesoderm (whereas BMP2 failed to induce sarco-
meric myosin). One possibility is that at the onset of
myofibrillogenesis in vivo, BMP4 and -2 act synergistically
to induce the formation of I-Z-I components, and then
TABLE 1
Significance of Bone Morphogenetic Protein-4 Function in the Initial Myofibrillogenesis of Chick Cardiogenesis
Culture conditions
% expression of sarcomeric proteins (after 48 h)
Sarco -actinin Z-line titin SM -actin Sarco myosin
DMEM/10% FBS 0 (n  10) 0 (10) 100 (8) 0 (10)
DMEM/10% FBS  BMP4 (500 ng/ml) 82 (11) 100 (12) 100 (11) 91 (11)
Defined medium 0 (10) 0 (11) 100 (10) 0 (11)
Defined medium  BMP4 (500 ng/ml) 44 (16) 54 (11) 100 (16) 29 (17)
Defined medium  BMP2 (500 ng/ml) 30 (20) 40 (10) 100 (19) 0 (19)
Note. Percentage incidence at which expression of sarcomeric proteins was detected in stage 6 posterolateral mesoderm (noncardiogenic
mesoderm) cultured with or without BMP protein. Note that when the explants were cultured in defined medium supplemented with
BMP4 (500 ng/ml) FGF4 (200 ng/ml), 93% (14/15) of explants expressed sarcomeric -actinin and 88% (7/8) expressed sarcomeric -actin;
however, explants treated with BMP4 alone did not express sarcomeric -actin. n, number of explants tested; sarco, sarcomeric; SM, smooth
muscle
FIG. 7. BMP4 induced expression of cardiac marker genes in
cultured posterolateral mesoderm (noncardiogenic mesoderm).
Stage 6 posterolateral mesoderm was cultured in DMEM/FBS with
or without BMP4. After 48 h in culture, cultures were subjected to
PCR amplification (see Materials and Methods). PCR amplification
showed that explants treated with BMP4 expressed sarcomeric
-actinin, Nkx-2.5, and GATA4, but not the skeletal muscle gene
MyoD. Cells cultured in DMEM/10% FBS without BMP expressed
only Nkx-2.5. GAPDH, the normalization control, was expressed
equally under all culture conditions. GAPDH was not detected in
any sample in the absence of reverse transcriptase (RT).
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BMP4 stimulates/maintains the expression of both I-Z-I
components and A-bands.
At Least Two Signaling Pathways Lie Upstream of
Initial Myofibrillogenesis
In cultured stage 4 precardiac ME, noggin inhibited the
expressions of sarcomeric -actinin, titin, and sarcomeric
myosin, but not that of the earliest -actin isoform, smooth
muscle -actin. Furthermore, recombinant BMP4 induced
expressions of sarcomeric -actinin, titin, and sarcomeric
myosin in cultured stage 6 posterolateral mesoderm, while
BMP2 induced the expressions of sarcomeric -actinin and
titin, but not of sarcomeric myosin in similarly prepared
noncardiogenic mesoderm. In contrast, smooth muscle
-actin was expressed spontaneously, without the addition
of BMP4. It has been reported that BMP2 plus FGF4 is
needed to induce full cardiac differentiation (a beating heart
with expression of sarcomeric -actin) in cultured stage 6
posterolateral mesoderm (Lough et al., 1996). Our results do
not contradict this data, because 93% of stage 6 posterolat-
eral mesoderm explants cultured with BMP4 plus FGF4
expressed sarcomeric -actinin and 88% expressed saco-
meric -actin after 48 h in culture (data not shown) (when
the similar regions were cultured with BMP4 alone, 44% of
the explants expressed sarcomeric -actinin but they did
not express sacomeric -actin). To judge from these two
sets of results (1) BMP appear to commit the noncardiogenic
mesoderm to a cardiac lineage and induce cariomyocyte
differentiation (Walters et al., 2001), while FGF4 stimulates
its proliferation or makes its terminal differentiation occur
more rapidly (Sugi et al., 1993, Sugi and Lough, 1995), and
(2) BMP4 appears to be a more powerful inducer for cardiac
myofibrillogenesis than BMP2. Schultheiss et al. (1995,
1997) reported that while anterior endoderm induces the
generation of a heart from the posterior primitive streak
(noncardiogenic region), BMP cannot induce cardiogenesis
in this region. They therefore proposed two signals for heart
induction: unknown signals from the anterior endoderm
seem to need to combine with BMP signaling to commit the
presumptive heart-forming mesoderm to differentiate into a
heart. Marvin et al. (2000) reported that inhibition of Wnt
signaling promotes heart formation in the anterior lateral
mesoderm, whereas active signaling in the posterior lateral
mesoderm promotes blood development. Therefore, they
proposed a model in which two orthogonal gradients, one of
Wnt activity along the anterior–posterior axis and the other
of BMP signals along the dorsal–ventral axis, intersect in
the heart-forming region to induce cardiogenesis in a region
of high BMP and low Wnt activity. Our explant-culture
experiments followed by immunostaining for sarcomeric
proteins suggest that at least two signaling pathways are
required for the initiation of myofibrillogenesis in compe-
tent mesodermal cells during gastrulation: one is BMP-
related signaling (involved in the expression of sarcomeric
-actinin, titin, and sarcomeric myosin), and the other is an
unknown signaling that lies upstream of smooth muscle
-actin. A realistic candidate molecule for the unknown
signal may be activin/TGF because (1) it has been reported
that BMP signaling lies downstream of an activin/TGF
signal in the cardiac myogenesis pathway (Ladd et al., 1998)
and (2) XTC/MIF (activin) has been found to induce the
ventrolateral mesoderm to express smooth muscle -actin
in a Xenopus animal cap assay (Saint-Jeannet et al., 1992).
In addition, two discrete signaling interactions regulating
cardiomyogenesis have been proposed in the early avian
embryo: one is derived from the hypoblast and acts on the
epiblast, while the other is secreted by the anterior
endoderm and acts on the anterior lateral mesoderm. These
signaling interactions are mimicked by activin/TGF and
BMP, respectively (Lough et al., 1996; Schultheiss et al.,
1997; Ladd et al., 1998). Further experiments will be neces-
sary to identify the unknown signaling molecule(s) that
up-regulate the expression of smooth muscle -actin and
act synergistically with BMP to trigger the initial myofibril-
logenesis.
In summary, we cultured precardiac ME with or without
noggin followed by immunostaining for sarcomeric pro-
teins, and revealed that (1) heart specification and determi-
nation occur during gastrulation in the chick embryo, (2)
BMP acts not only instructively, but also permissively in
early chick cardiogenesis, (3) the BMP function lies up-
stream of the initial myofibrillogenesis, and it regulates the
formation of I-Z-I components and A-bands separately, in a
stage-dependent manner, and (4) in addition to BMP, an-
other unknown signaling pathway(s) responsible for the
expression of smooth muscle -actin is involved in the
initial heart myofibrillogenesis.
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